Abstract-Small animal cancer imaging has drawn increased attention over the last few years due to greater availability of genetically modified mice, permitting the study of human diseases in animal models. Submillimeter resolution would be of great value to provide the fine detail needed in the imaging of small tumors traced by radio-labeled agents. Despite extensive research and improvements in instrumentation and imaging reconstruction, until now, there has been no efficient technology for this task. The limitations of scintillation cameras with pinhole collimators, currently the highest resolution devices, are fundamental in nature. They include image blurring through edge effects, scattering at the pinhole, and inelastic Compton scattering. Furthermore, such devices often yield low efficiency. In this paper, a new approach to high-resolution imaging of radio-labeled agents is introduced and first results are shown. The technique is based on curved perfect-crystal X-ray mirrors applied in a one-to-one focusing geometry. Such Bragg diffraction optics yields high reflectivity and excellent energy resolution and it has been applied in X-ray spectroscopy for many years. Today large perfect-crystal mirrors are commercially available and efficient devices covering a substantial solid angle can be envisioned. The potential advantage over conventional pinhole cameras is twofold. First, focusing diffraction optics provides a "virtual" pinhole, which can effectively be inside the object under investigation and does not suffer from edge effects. Second, Bragg optics has an energy resolution of a few eV and discriminates against Compton scattering. The fundamentals of Bragg optics are dicussed and first results using 55 Fe and 95 Tc phantoms are presented. Our data show spatial resolutions of less than 1 and 2 mm, respectively. Current limitations of this new technique and possible future designs are discussed.
advances also place new demands on imaging with high spatial resolution in order to characterize regional localization and turnover properties.
Planar imaging of the activity distribution of radiopharmaceuticals in small animals has been conventionally performed using scintillation cameras with high-resolution, parallel hole collimators or pinhole collimators. Although good spatial resolution can be achieved with these techniques, only two-dimensional images of three-dimensional activity distributions are obtained and spatial detail and contrast are limited due to crosstalk from activity in overlying or underlying tissues. Spatial resolution of the order of 6-10 mm is obtained with high-resolution parallel hole collimators and 2-5 mm with pinhole collimators. SPECT imaging with conventional parallel hole, fan, or cone beam collimators can provide tomograms of the activity distribution in three dimensions, however, the spatial resolution achieved with these collimators is usually not adequate to provide the fine detail needed for many tissues and organs in small laboratory animals. Spatial resolution of 1-3 mm is often sought for these studies. As a result, considerable effort has been given to identify and characterize new detectors and to modify more conventional detectors to achieve greater spatial resolution and adequate sensitivity [5] - [10] .
In this work, we present first studies of a new approach to high-resolution imaging of radio-labeled agents. The technique is based on focusing X-ray optics using perfect crystal Bragg mirrors. In the visible range imaging devices such as mirrors, lenses, and wave-guides rely on the large refraction index of glass or other materials. Due to the short wavelength of hard X-rays and -rays condensed matter has, at these high frequencies, generally an index of refraction somewhat smaller than, but very close to one. As a consequence the critical angle for total reflection is very small (of order mrad). Considering absorption and stringent requirements on surface quality, focusing X-ray optics based on many total reflections are not very efficient in the hard X-ray regime. (Although there is an increased use of capillary X-ray optics based on total reflection in the soft and medium X-ray range).
A different way to reflect X-rays at much larger angles makes use of diffraction from crystalline material. This so-called Bragg optics is commonly used in X-ray spectroscopy. Large perfect single crystals such as Si or Ge are grown routinely nowadays, and curved X-ray Bragg mirrors have become larger as well [11] . Due to the nature of Bragg reflections a curved Bragg mirror can act like a monochromator and lens at the same time. Thus, different from a -camera based on a real pinhole, a focusing Bragg mirror can provide a "virtual" pinhole. In the following section, we describe the principle of Bragg optics and in Section III, we show first results to test the imaging resolution of such a system. We conclude by discussing current limitations and possible future designs.
II. THEORY AND PRINCIPLE

A. Fundamentals of Bragg Optics, Flat Mirror
The X-ray mirror system described in this study is based on curved Bragg crystals. Nevertheless, the fundamentals of Bragg reflections are best explained with a flat Bragg mirror. The results can then be applied to curved mirror optics.
A Bragg reflection is a diffraction phenomenon where under a condition known as Bragg's law, X-rays impinging on a crystal are reflected. This condition is achieved when the path difference of X-rays reflected by two neighboring diffraction planes equals their wavelength ( Fig. 1 top left) . It is given by the equation (1) with the Bragg angle , the wavelength and the -spacing indicating the distance of neighboring diffraction planes. For a cubic crystal , where is the length of the unit cell and , , are the Miller indices. 1 Fig. 1 bottom left shows the sinusoidal dependence between wavelength and angle 1 Strictly spoken, the Bragg equation has an integer factor n in front of the wavelength to indicate that the path difference has to be equal to a multiple of the wavelength. For radionuclide imaging integer multiple wavelengths basically never occur, and we therefore do not need to address this phenomenon.
according to the Bragg (1), with the wavelength normalized to . It is this relation between wavelength (or energy) and angle, which sets apart a Bragg mirror from a conventional imaging device. At a given wavelength a Bragg mirror only reflects at an angle determined by (1) . More precisely, there is a small angular range in which rays with wavelength are reflected. This angular range is called Darwin width and is calculated by solving the Maxwell equations in a periodic dielectric medium. Within the angular range of the Darwin width, an incident X-ray wave cannot travel inside the crystal and is therefore reflected. This theoretical treatment has been successfully applied since many decades and is generally known as dynamical theory, see e.g., [12] - [15] . The Darwin width depends on the wavelength, Bragg angle and reflection order, as well as the crystal material. In general, high order reflections (large Miller indexes) and mirrors made out of low materials have narrow Darwin width. There are numerous programs available for such calculations, e.g., XOP (URL: http://www.esrf.fr/computing/scientific/xop/). An instructive way to visualize the relation between Darwin width and energy resolution of a Bragg mirror is by a so-called DuMond diagram shown in Fig. 1 right [16] . The symbolized magnifying glass indicates that in a DuMond diagram only a tiny fraction of the whole Bragg curve is shown, because typical Darwin widths are very small of order arcsec.
The shaded area in the DuMond diagram represents the phase space in which X-rays are reflected from a Bragg mirror. The Darwin width, , is indicated by the horizontal line and corresponding to that is the energy width, , (or wavelength spread ) indicated by the vertical line. To show how to apply a DuMond diagram to estimate the reflection properties of a Bragg crystal we will consider two cases. First, however, we give another important general equation between energy width and angular width of a Bragg mirror. It is the derivative of (1), resulting in (2) In the first case, we consider a perfectly monochromatic ( ) point-like -ray source. In DuMond space the source is represented by a horizontal line, because the angular spread is very large. In that case, the X-ray mirror only reflects a small angular range, given by the overlap of this line with the shaded area, i.e., the Darwin width . Consequently, the spatial resolution of a Bragg mirror imaging a monochromatic point source is determined by the Darwin width and its distance from source and detector.
Second, we consider a point source with an energy width much larger than , e.g., a X-ray line. In the DuMond diagram this situation corresponds to a horizontal band with a vertical spread given by that energy width. The phase space reflected by the mirror is again represented by the overlap with the shaded area, and the angular width of this overlap area is now much larger than the Darwin width . It can be obtained graphically with a DuMond diagram, or equivalently calculated by (2) when replacing with the energy width of the X-ray line. Consequently the spatial resolution of imaging a point source of a broad X-ray line is no longer determined by the Darwin width of the mirror but rather by the angular width obtained from (2) .
To calculate the spatial resolution of a flat Bragg mirror system consider a two-dimensional source extended in the and directions (Fig. 2 ) and imaged with a position sensitive detector (PSD) with very small pixel pitch. The spatial resolution of such an imaging system , is determined through (3) where is the distance from source to mirror and is determined according to the discussion above. (The resolution perpendicular to the drawing plane is determined by second order effects and is much poorer.) Such a system acts similar to a parallel hole collimator camera. Assuming a very small pixel size for the PSD ( 100 m is routinely available), the spatial resolution along and can be quite good. For instance, at , the 27 keV Te line following I decay has an estimated energy width of eV resulting in 10 and at a source-mirror distance of mm, the resulting spatial resolution would be mm. For Si or Ge crystals, the contributions from the Darwin width would be negligible in this case.
Nevertheless, a flat X-ray mirror is impractical as an imaging device. First and most importantly, the accepted solid angle is extremely small (typically of order some arcsec) making the device very inefficient. Second, X-ray lines such as fluorescence are usually split into sublevels (in the case of Te the -splitting is 270 eV) which would create a double image. Finally, Compton scattering would create blurring of the image, because it increases and, hence, .
B. Fundamentals of Bragg Optics, Curved Mirror
These limitations can be overcome by using either a large array of small flat Bragg mirrors [17] or, as discussed in the following, a system based on curved mirrors. In the Rowland circle approach (Fig. 2 right) , a mirror is curved to a shape for which each ray from a point source ideally impinges on the mirror at the same angle and is refocused to one and the same image point. This can be achieved with the so-called Rowland condition, when source, mirror, and detector lie on a circle whose diameter is identical to the radius of curvature, , of the diffraction planes of a curved mirror. When detector and mirror are aligned to a Bragg angle corresponding to the source energy, the Rowland-circle mirror acts like a one-to-one focusing lens.
The precise Rowland condition can be obtained with a so-called Johansson type crystal [18] . Here the crystal surface has a radius of curvature of ('touching' the Rowland circle), and the diffraction planes are curved to a radius . However, Johansson devices are extremely difficult to manufacture. Therefore, Johann type [19] crystals commonly are used where the surface is parallel to the diffraction planes curved at radius . In this case, the surface of the mirror touches the Rowland circle only in the center and consequently some aberrations contributing to both spatial and energy resolution occur.
If these aberrations are small, the spatial resolution of Rowland optics can be estimated as follows:
• calculate the angular range over which the Bragg mirror reflects. For a monochromatic source this is just the Darwin width (extreme case 1); for an X-ray line, this is given by (2) using for the width of the X-ray line (extreme case 2).
• calculate the spatial resolution , corresponding to with (see Fig. 2 ):
The resolution can be improved further by using an aperture slit in front of the detector. Then, ideally, the aperture defines the resolution. Such an aperture is necessary when either the X-ray line is too broad or split (e.g., ), or Compton scattering is significant. These "wrong" energies are reflected at "wrong" Bragg angles thus impinging on the detector outside the focal point chosen for the source energy. The aperture then discriminates against these rays improving the spatial resolution with a corresponding loss of geometric efficiency.
In principle two setups with Rowland optics can be used. First, the "scanning mode," where source and detector are in the focal point (as shown in Fig. 2) . Second, the "camera mode," where the source is imaged onto a PSD and both source and PSD are outside the focal plane. The "scanning mode" has the advantage that with an aperture slit it discriminate against "wrong energies" and therefore provides better spatial resolution. The "camera mode" has the advantage that an image can be recorded at once, which might lead to a higher efficiency. As compared to a conventional camera, the difference is that the focus of the Rowland optics is based on a "virtual" slit, avoiding problems related to real slits. The advantage over the flat mirror design is a much larger angular acceptance (degrees versus arcsec), and the complete rejection of Compton scattering and split sublevels. In summary, the optimal curved Bragg mirror in Rowland geometry would have the following features. • Bragg reflection with a Darwin-width, , approximately matching the energy width of the X-ray line used for imaging through (2) and the desired spatial resolution through (4) . This provides maximum single mirror efficiency.
• Bragg angle of to match spatial resolution and .
• Johansson crystals to minimize image aberrations.
• Multiple mirrors to achieve largest device efficiency
III. EXPERIMENTAL RESULTS AND DISCUSSION
The instrument used in the studies shown here was originally designed as a spectrometer to achieve best energy resolution and was optimized to operate at higher order Bragg reflections with Bragg angles close to . It is based on up to eight spherically curved Johann type [19] Si or Ge crystals aligned on intersecting Rowland circles (Fig. 3) . For X-ray lines, the choice of backscattering Bragg angles is clearly a compromise to the spatial resolution. Furthermore, Si and Ge Bragg reflections have very narrow Darwin widths, corresponding to energy resolutions that are much better than that of the X-ray line (extreme case two). This limits the mirror efficiency. Nevertheless, the device is well suited to test the concept of Bragg mirror imaging systems.
A detailed description of the instrument is given in [20] and only some details are noted here. The alignment is done with computer controlled stepper motors with an angular precision better than 35 rad and an absolute spatial positioning of 0.1 mm. The detector is a liquid nitrogen cooled Ge photon counting detector (Canberra, Meriden, CT) with subsequent pre-amplifier, amplifier, single channel analyzer, and read out computer. The aperture slit in front of the detector is made out of lead with horizontal aperture of 15 mm and varying vertical aperture.
Phantoms based on two different sources were measured. First, a Fe K-capture source emitting predominantly Mn X-rays at 5.9 keV. The source was placed behind an opening slit of vertical size mm and horizontal size mm. The depth of the source is estimated to be m (absorption length in Fe) and, therefore, negligible on the imaging scale studied here. An array of four Ge (3,3,3) crystals (center four crystals of Fig. 3 ) is operated at ( energy), and a 0.3 mm vertical aperture slit is placed in front of the detector. The solid angle captured in this setup is 0.25% of sr. Phantom scans were performed along and using a computer controlled motorized sample stage. Fig. 4 shows the scan along . The resulting image can be fitted with a Gaussian of 1 mm FWHM corresponding to an instrumental -resolution of 0.9 mm FWHM (from deconvolution of a 4 mm rectangular function with a 1 mm Gaussian).
In Fig. 5 the same phantom is scanned along the -direction. The obtained resolution is 3.7 mm. From (4) it follows that for a single mirror device , hence at , , which is very close to our measured ratio. We now compare the measured resolution with the calculated value (no aperture slit). Following (2) the angular range in which the mirror reflects the eV broad Mn line (extreme case two) is mrad. Using mm in (4) the vertical spatial resolution becomes mm. This shows that, as expected, the aperture slit enhances the resolution. In fact, for an ideal mirror we would expect a resolution solely determined by the aperture slit (0.3 mm). The measured value of 0.9 mm is due to Johann mirror aberrations and possibly some contributions from the dimension of the phantom. Nevertheless, it shows that the Bragg mirror is well suited for high-resolution imaging.
To estimate the efficiency of this system we have to compare the calculated Darwin width, rad, with the angular range of 2.5 mrad stemming from the width of . This large difference indicates that with mirrors of matching Darwin width, the efficiency of could be improved by a factor of 30 without loss of imaging resolution, if a matching X-ray mirror could be found. We are currently studying suitable crystal with larger atomic numbers, which have broader Darwin widths.
In a second experiment, using a more relevant source we imaged a phantom at the 19.6 keV Mo fluorescence, following the decay of Tc. Tc is a commonly used emitter and at 20 keV the absorption length in water is 15 mm, sufficient for small animal imaging. An array of 8 Si (12, 12, 0) crystals was operated at capturing 0.5% of sr. The phantom consisted of an array of three slits cut into a lead sheet (see Fig. 3 ). The vertical dimensions were openings of 2, 1.3, and 0.75 mm spaced by 4.65 and 5.5 mm, respectively. The horizontal opening was 13 mm in all three slits. The vertical aperture in front of the detector was 3 mm. Three vials containing a solution of Tc were placed behind each slit, respectively. The total activity contributing X-rays that exit the phantom slits was not measured, but is estimated at less than 0.1 mCi. Fig. 6 shows the background subtracted average of multiple -scans of the phantom, with a total counting time of 3.3 h per data point. A fit to the data yields a Gaussian resolution function of 2 mm FWHM. The calculated value without aperture slit for the eV broad Mo line is mrad mm mm. This shows that the aperture slit does not affect the measured resolution, it does, however, cut off the line (which would cause a double image) and possible Compton scattering. The fact that our measured resolution is even somewhat below the calculated number can be explained by the simplifications in (2) . It considers neither the exact shape of the line nor that of the Darwin curve.
In principle we could improve the resolution by narrowing the detector aperture and a mirror optimized for Mo would enhance the signal by a factor eight (ratio of versus fluorescence yield). However, the by far largest improvement could come from a Bragg mirror having its Darwin width matched to the spectral width of the X-ray source. The Si (12,12,0) Darwin width of rad is more than three orders of magnitude narrower than needed (the angular width corresponding to the Mo line is 2.9 mrad), and this factor is lost in imaging efficiency.
IV. CONCLUSION AND OUTLOOK
A new approach to high-resolution medical imaging based on curved Bragg mirror optics has been discussed and first results were shown. At this early stage of research and development, with a suboptimal system, imaging at below 1 mm resolution has been demonstrated. From these results it is apparent that spatial resolution will not be the limiting factor of this technique. In fact, much better resolution should be obtainable just by choosing a system operating at smaller Bragg angles. The more difficult challenge lies in the improvement of efficiency. It is clear from the current study that Si and Ge mirrors have Darwin widths that are far too narrow to match most of the X-ray lines and the required spatial resolution of order 1 mm. There are some narrow -lines such as the 35 keV transition of I or the 23.8 keV transition of Sb, which might be good candidates for these materials. But even in this case, the efficiency would be far from optimal because then, the limiting factor to the resolution would solely come from aberrations. Therefore Bragg mirrors made out of crystals with much larger Darwin widths are needed. Smither and Roa have shown that Cu might be a good candidate for imaging at higher energy X-rays (100-250 keV) [19] , but at this point it is not clear to us what the ultimate material would be. One might think of mosaic crystals or even multilayers.
In addition to finding the appropriate mirror material, the acceptance angle of the imaging system has to be maximized. Fig. 7 shows a possible design, employing a full circle of curved Bragg mirrors. Besides a larger solid angle, this design has the advantage of providing good resolution in all three dimensions. From the cylindrical symmetry it is obvious, that the resolutions along and are identical, and at a Bragg angle of 45 this would match the resolution along . The efficiency can be further improved by adding more concentric circles of mirrors. Such a device could eventually be used to efficiently image small animal tumors with extremely high spatial resolution, thus complementing more conventional systems.
